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In vivo and ex vivo gene transfer are being developed for localized skeletal
regeneration. These strategies for tissue regeneration were tested in an adult ferret
model of vital pulp therapy. In this model a reversible pulpitis was induced ®rst.
Then after 3 d, the pulps were directly infected with recombinant virus or
implanted with ex vivo transduced autologous dermal ®broblasts. The genome of
the recombinant adenovirus contained a full-length cDNA encoding mouse bone
morphogenetic protein (BMP)-7 (AdBMP7) or bacterial b-galactosidase cDNA
(AdlacZ). The BMP-7, but not lacZ, ex vivo transduced dermal ®broblasts induced
reparative dentinogenesis with apparent regeneration of the dentin-pulp complex.
In vivo infection with AdBMP-7 failed to produce reparative dentin in all cases.
Ex vivo gene transfer of BMP-7 may be an effective method for inducing dentin
regeneration in teeth with reversible pulpitis.
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The dentin-pulp complex (DPC), comprising odonto-
blasts and their extracellular matrix (dentin), is function-
ally important for pulp homeostasis (1). Tertiary dentin
matrices (formed in response to speci®c stimuli in
adult teeth) are categorized as reparative or reactionary.
Reparative dentin (RD) is a tertiary dentin matrix formed
by new odontoblast-like cells in response to a speci®c
stimulus after loss of the primary odontoblasts (2).
Clinical and experimental studies reveal that RD forms
in adult pulps after pulp exposure in germ-free rats (3),
monkeys and humans (4±7). However if too many
odontoblasts are lost, tertiary dentinogenesis and DPC
regeneration fail to occur. It is well known that con-
ventional medicaments such as calcium hydroxide fail to
induce a reparative response if the pulp exposure is too
large. This phenomenon may be analogous to critical size
bony defects (8±10).
Bone morphogenetic proteins (BMP) are a family
of pleiotropic signaling molecules critically involved at
various stages in the formation of a variety of tissues and
organs including bones and teeth (11, 12). In addition as
recombinant proteins, they have the remarkable ability
to induce bone or RD formation when applied directly
to adult dermis, muscle or bone (13) or dental pulp
respectively (14±16). Most data indicate that connective
tissue repair is mediated by resident stromal cells adjacent
the wound (17). Therefore it is likely that mature adult
pulps contain cells capable of producing RD in response
to a BMP signal (18, 19). In support of this concept is the
fact that dentin, like bone, contains BMP activity (20, 21).
Pulp ®broblasts express the BMP receptors BMPR-IA,
-IB, ActR-1 and BMPR-II mRNA transcripts (22).
Exogenous recombinant BMP-2 and -4 induce RD in
dogs (16) as does recombinant human BMP-7, but not
TGF-b (Rutherford, unpublished data), in ferrets (23)
and monkeys (14, 15). However, BMP-7 protein therapy
failed to induce reparative dentinogenesis in experimen-
tally in¯amed ferret pulps containing cells that expressed
the appropriate BMP receptor transcripts (23). Direct
application of BMP to pulp, while ef®cacious in stimu-
lating a reparative response, may not be a clinically useful
method for induction of DPC regeneration. Therefore we
tested the hypothesis that BMP-7 gene transfer would
induce DPC regeneration in in¯amed dental pulps.
Material and methods
To test this hypothesis, we constructed and studied the
osteogenic capacity of a recombinant adenovirus containing
the full-length mouse BMP-7 gene (AdBMP7) as described
(10, 24, 25). In the current study, in¯ammation was induced
in male adult ferret dental pulps by direct injection of
bacterial lipopolysaccharide and evaluated as described (23).
The in¯amed teeth were subsequently infected directly in vivo
with AdBMP7 suspended at 108 pfu/ml in a type I collagen
thermoset hydrogel (RD Bioscience, Waltham, MA, USA).
Virus free carrier and non-in¯amed pulps served as
controls (4 teeth per group). Alternatively autologous ®bro-
blasts were cultured from dermal biopsies of 3 adult male
ferrets (26) and infected ex vivo with AdBMP7 (n=4) or
AdlacZ (negative control, n=4) as described (10, 25). One
million ex vivo transduced (BMP-7 and lacZ) autologous
®broblasts per group were suspended in 10 ml of the collagen
thermoset hydrogel and injected into in¯amed dental pulps
(4 teeth per group). An equal volume of cell-free carrier was
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also injected (n=4). The teeth were harvested after 30 d
and processed for histologic and histomorphometric evalu-
ation (23). Calcium hydroxide was not attempted in this
study, because previous attempts had failed in this model
(Rutherford, unpublished data).
Results and discussion
At best, small amounts of poorly organized mineralizing
masses formed in some of the teeth to which virus were
directly injected (Fig. 1A, solid arrow). In contrast, RD
with an apparently regenerated DPC formed in all of the
teeth receiving the ex vivo BMP-7 transduced autologous
dermal ®broblasts (Fig. 1B, C). Organized layers of
RD, predentin and odontoblast-like cells separated
the pulp from new dentin. In all these cases the mass
of RD was intact, partially contiguous with the adjacent
dentinal walls, and the extent of RD was limited to the
crown. Histomorphometric calculations (14, 27) sug-
gested that on average approximately 6 ml of RD formed
per tooth. Longer incubation times are planned to
determine if the mass of reparative dentin coronal to the
DPC continues to mature as was the case for recombi-
nant BMP protein induced reparative dentinogenesis in
monkeys (15).
These data reveal that ex vivo mediated BMP-7
gene transfer induces reparative dentinogenesis and
DPC regeneration in in¯amed dental pulps. This result
(Fig. 1B) is substantially different than the response of
in¯amed dental pulp to exogenous recombinant BMP-7
protein (23) or in vivo BMP gene transfer (Fig. 1A). These
methods likely fail because, in the presence of in¯amed
tissue, insuf®cient active BMP-7 protein is available
when added exogenously and too few cells are infected
by AdBMP7. It is likely that the implanted transduced
®broblasts secrete BMP-7 in vivo upon implantation
as has been observed in our osteogenic assays (25). The
amount and duration of BMP-7 secretion appears ade-
quate to stimulate resident cells in in¯amed tissue. Of
interest is that any innate or acquired immunity to the
adenovirus infected cells doesn't prevent the formation
of reparative tissue. No in¯ammation is evident in the
pulp deep to the DPC (Fig. 1B) by 30 d. Extensive studies
of the immune response to implantation of syngeneic
adenovirus infected cells are underway.
It will be important to determine the fate of the
transduced implanted cells. Ex vivo BMP-7 transduction
induces the osteoblastic conversion of ®broblasts in vivo
(25) so that the induced bone is a chimera of implanted
and graft-site cells (10). Therefore it is possible that in
the experiments reported here, the implanted BMP-7
transduced cells directly contribute to the production of
tertiary dentin matrix as well as induce host cells by a
paracrine mode of action. Experiments exploring this
possibility are being planned.
Acknowledgements ± This work was supported by grants from
The National Institute of Dental and Craniofacial Research
DE 12466 and the University of Michigan Center for Gene
Therapy.
References
1. PASHLEY DH. Dynamics of the pulpo-dentin complex. Crit Rev
Oral Biol Med 1996; 7: 103±133.
2. SMITH AJ, CASSIDY N, PERRY H, BEGUE-KIRN C, RUCH JV,
LESOT H. Reactionary dentinogenesis. Int J Dev Biol 1995;
39: 273±280.
3. KAKEHASHI S, STANLEY HR, FITZGERALD RJ. The effects of
surgical exposure of dental pulps in germ-free and conventional
laboratory rats. Oral Surg 1965; 20: 340±344.
4. CVEK M. A clinical report on partial pulpotomy and capping
with calcium hydroxide in permanent incisors with complicated
crown fracture. J Endodont 1978; 4: 232±237.
5. FITZGERALD M. Cellular mechanics of dentinal bridge repair
using 3h-thymidine. J Dent Res 1979; 66: 2198±2206.
Fig. 1. Histomicrographs of in¯amed adult ferret teeth treated by in vivo infection of AdBMP-7 (A) or ex vivo infection and
implantation of BMP-7 transduced autologous cultured dermal ®broblasts (B, C). A) Small islands (solid arrow) of a poorly developed
mineralizing matrix are seen in a hyperemic dental pulp (50r, bar=40 m). B) A mass of reparative dentin lined by a layer of predentin
and odontoblasts are displayed (100r, bar=80 m). C) The mass of reparative dentin is incompletely mineralized after 30 days
(25r, bar=20 m). The section displayed in (B) was taken from a parallel section to the one depicted in (C) as outlined. Preparations
were stained with H&E and photographed with a Spot Digital Camera mounted on an Olympus Br60 microscope. The images were
captured in Adobe Photoshop (v. 5) and adjusted for brightness and contrast only.
BMP-7 induced reparative dentinogenesis 423
6. CVEK M, GRANATH L, CLEATON JP, AUSTIN J. Hard tissue
barrier formation in pulpotomized monkey teeth capped with
cyanoacrylate or calcium hydroxide for 10 and 60 minutes.
J Dent Res 1987; 66: 1166±1174.
7. FITZGERALD M, HEYS RJ. A clinical and histological evaluation
of conservative pulpal therapy in human teeth. Oper Dent 1991;
16: 101±112.
8. HOLLINGER JO, KLEINSCHMIDT JC. The critical size defect as an
experimental model to test bone repair materials. J Craniofac
Surg 1990; 1: 60±68.
9. KREBSBACH PH, KUZNETSOV SA, BIANCO P, ROBEY PG. Bone
marrow stromal cells: characterization and clinical application.
Crit Rev Oral Biol Med 1999; 10: 165±181.
10. KREBSBACH PH, GU K, FRANCESCHI RT, RUTHERFORD RB. Gene
therapy-directed osteogenesis: Bmp-7-transduced human ®bro-
blasts form bone in vivo. Hum Gene Ther 2000; 11: 1201±1210.
11. HOGAN BL. Bone morphogenetic proteins in development.
Curr Opin Genet Dev 1996; 6: 432±438.
12. THESLEFF I, SHARPE P. Signaling networks regulating dental
development. Mech Dev 1997; 67: 111±123.
13. REDDI AH. Bone morphogenetic proteins: an unconventional
approach to isolation of ®rst mammalian morphogens.
Cytokine Growth Factor Rev 1997; 8: 11±20.
14. RUTHERFORD RB, WAHLE J, TUCKER M, RUEGER D,
CHARETTE M. Induction of reparative dentin formation in
monkeys by recombinant human osteogenic protein-1. Arch
Oral Biol 1993; 38: 571±576.
15. RUTHERFORD RB, SPANGBERG L, TUCKER M, RUEGER D,
CHARETTE M. The time-course of the induction of reparative
dentine formation in monkeys by recombinant human
osteogenic protein-1. Arch Oral Biol 1994; 39: 833±838.
16. NAKASHIMA M. Induction of dentin formation on canine
amputated pulp by recombinant human bone morphogenetic
proteins (bmp)-2 and -4. J Dent Res 1994; 73: 1515±1522.
17. PROKOP DJ. Marrow stromal cells as stem cells for non-
hematopoietic tissues. Science 1997; 276: 71±74.
18. GRONTHOS S, MANKANI M, BRAHIM J, ROBEY PG, SHI S.
Postnatal human dental pulp stem cells (dpscs) in vitro and
in vivo. Proc Natl Acad Sci USA 2000; 97: 13625±13630.
19. RUTHERFORD B, FITZGERALD M. A new biological approach to
vital pulp therapy. Crit Rev Oral Biol Med 1995; 6: 218±229.
20. BANG G, JOHANNESSEN JV. The effect of proteolytic enzymes on
the induction of heterotypic bone formation by demineralized
dentin in guinea pigs. J Oral Pathol 1972; 1: 221±230.
21. BUTLER WT, MIKULSKI A, URIST MR. Non-collagenous
proteins of a rat dentin possessing bone morphogenetic
activity. J Dent Res 1977; 56: 228±232.
22. GU K, SMOKE RS, RUTHERFORD RB. Expression of genes for
bone morphogenetic proteins and receptors in human dental
pulp. Arch Oral Biol 1996; 41: 919±923.
23. RUTHERFORD RB, GU K. Treatment of in¯amed ferret
dental pulps with recombinant bone morphogenetic protein-7.
Eur J Oral Sci 2000; 108: 202±206.
24. FRANCESCHI RT, WANG D, KREBSBACH PH, RUTHERFORD RB.
Gene therapy for bone formation: in vitro and in vivo osteogenic
activity of an adenovirus expressing bmp7. J Cell Biochem 2000;
78: 476±486.
25. RUTHERFORD B, MOALLI M, FRANCESCHI RT, WANG D, GU K,
KREBSBACH PH. Bmp transduced human ®broblasts convert
to osteoblasts and form bone in vivo. Tissue Engineering
2001; in press.
26. RUTHERFORD RB, TRAILSMITH MD, RYAN ME, CHARETTE M.
Synergistic effects of dexamethasone on platelet-derived
growth factor mitogenesis in vitro. Arch Oral Biol 1992;
37: 139±145.
27. RUTHERFORD RB, SPANGBERG L, TUCKER M, CHARETTE M.
Transdentinal stimulation of reparative dentin formation by
osteogenic protein-1. Arch Oral Biol 1995; 40: 681±683.
424 Rutherford
